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Abstract 
A catalytic membrane reactor with a Au-Pd catalyst, impregnated at the inner side of the 
membrane, was studied in the catalytic oxidation of benzyl alcohol in flow. The reactor 
comprised of four concentric sections. The liquid substrate flowed in the annulus created by 
an inner tube and the membrane. The membrane consisted of 3 layers of α-alumina and a 
titania top layer with 5nm average pore size. Oxygen was fed on the outer side of the 
membrane, and its use allowed the controlled contact of the liquid and the gas phase. 
Experiments revealed excellent stability of the impregnated membrane and selectivities to 
benzaldehyde were on average >95%. Increasing the pressure of the gas phase and decreasing 
liquid flowrates and benzyl alcohol concentration resulted in an increased conversion, while 
selectivities to benzaldehyde remained constant and in excess of 95%.   
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1. Introduction 
High value chemicals are generally produced in batch reactors, generally leading to the 
generation of a large amount of waste and less control over the reaction parameters [1]. 
Continuous processing might therefore represent a valuable alternative [2]. Oxidation of 
alcohols is a reaction of great interest in the chemical industry and products like aldehydes 
and ketones are used for the manufacture of fragrances and intermediates [3]. Oxidation of 
alcohols can be achieved by inorganic oxidants which are toxic and not environment-friendly. 
Therefore, heterogeneously catalysed aerobic oxidations of alcohols have recently attracted 
attention [4-9].   
Membrane contactors have drawn interest due to the possibility of integrating a separation 
and a reaction unit in a single module [10,11]. Membranes are commonly used in various 
processes such as extraction, absorption and stripping [12-14]. The use of ceramic membrane 
as catalytic reactors dates back in the 1980s and has been applied when chemical harsh 
environments and high temperatures are involved [15]. The membranes typically have a 
structure which comprises a support layer, generally made of alumina with large pores, that 
can guarantee mechanical strength and high permeability, and a thin layer made of a different 
material which controls the diffusive flux [15]. As contactor the catalytic membrane reactor 
(CMR) provides a well-defined interface between the two separated phases, and allows to 
have an independent control of the reactant flow rates during reaction [11, 16].  In 
heterogeneous catalytic processes, the CMR can be either used to contain a packed-bed 
catalyst, or as support for the deposition of a catalyst on the inner side of the membrane [15, 
17].  
In our recent work, we investigated benzyl alcohol oxidation in flow using a ceramic 
membrane packed-bed reactor with a Au-Pd/TiO2 catalyst [18]. The role of the membrane 
was to provide an interface for the gas and the liquid phase to contact each other without 
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letting one phase breaking through the adjacent one. This could be achieved by feeding pure 
oxygen from the outer surface of the membrane at a higher pressure than the liquid which 
flowed in the membrane’s bore through the packed bed region. The same reaction was 
performed using a Teflon AF-2400 tube-in-tube reactor [19]. The Au-Pd/TiO2 catalyst was 
packed in the inner tube where the liquid flowed, while oxygen was fed in the annulus 
between the inner and the outer tube. It was found that conversion was significantly improved 
as compared to a reactor where oxygen was pre-saturated before entering the reactor. The 
main advantages of the membrane packed-bed reactor is the capability of keeping the gas and 
the liquid phase separated and of exchanging catalyst in case of deactivation. However, mass 
transfer resistances can present a drawback for fast reactions. A way to overcome this 
limitation is the use of a catalytic membrane reactor.  
In the catalytic membrane configuration the gas is directly supplied to the catalytic region, 
hence reducing mass diffusion resistances. Vospernik et al. [20] performed experimental 
studies with a ceramic membrane reactor for the hydrogenation of nitrite ions to nitrogen. 
The membrane was impregnated with metallic palladium using an incipient wetness 
impregnation technique. It was demonstrated that the position of the gas/liquid interface 
within the membrane wall is one of the most important parameters for the overall 
performance of the ceramic three phase membrane reactor. Pashkova et al. [21] used different 
membranes for the direct synthesis of hydrogen peroxide. The membrane materials were 
Al2O3, TiO2, and carbon coated Al2O3 with a Pd catalyst deposited into the finest porous layer 
on the inner side of the membrane. Oxygen was fed from the outer side of the membrane 
module while hydrogen was dissolved at high pressure in the liquid. It was shown that the 
diffusive transport of the reactants to the catalytically active zone located on the inner walls 
of the membrane channel was critical.  
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Few studies investigated the catalytic oxidation of benzyl alcohol under flow conditions using 
Au/Pd catalyst [5,22,23]. Aerobic catalytic oxidations are usually avoided in industry due to 
safety concerns. In this work, benzyl alcohol oxidation in a catalytic membrane reactor under 
flow conditions was studied. The Au/Pd catalyst was impregnated on the inner side of the 
ceramic membrane, hence the gas phase can be supplied directly to the catalyst region. This 
can potentially reduce the mass transfer resistances encountered in packed-bed membrane 
reactors. Moreover, this configuration where the oxidant is added continuously along the 
length of the reactor offers safer operation compared to batch slurry systems since gas/liquid 
flammable mixtures are avoided. 
 
2. Experimental 
2.1. Ceramic Membrane Preparation and Characterisation 
A commercial ceramic membrane tube (Pall, Europe) with a length of 75 mm, outside 
diameter (O.D.) 10 mm and inside diameter (I.D.) 7 mm was used. The membrane consisted 
of 3 layers of α-alumina and a titania top layer of 5 nm pore size with a thickness of around 
14-20 μm (see Figure 1). The Au-Pd catalyst was deposited on the inner TiO2 layer by 
impregnation of a precursor solution. The solution was made of 0.332 mL HAuCl4.3H2O 
(Sigma-Aldrich) containing 2 mg Au, 38 mg of PdCl2 (Sigma-Aldrich) containing 23 mg Pd 
and 4 mL of deionized water. The mixture was sonicated and heated (ca. 50 oC) up to 10 min 
using an ultrasonic bath (UW). The resulting homogeneous solution was then injected into 
the membrane’s bore and by rotating the membrane horizontally using a rotating device, the 
membrane was impregnated with the precursor solution, while the solution evaporated. It was 
subsequently dried at 110 °C for 16 h and calcined at 400 °C for 2 h. After reaction, the 
membrane was scraped from the inner side and a TEM analysis (Tecnai F20, 200kV) was 
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performed to observe the metal particle size. Figure 1c shows that the particle size was 
around 5-20 nm. However, the presence of smaller particles cannot be excluded. An 
elemental scan of the membrane was also performed (20kV, Zeiss ultra 55). The analysis 
indicated that Pd was mainly concentrated at the top thin layer of titania (Figure 1a&b). Small 
amount of lead was also observed on the membrane analysis; the cause of this is not clear but 
it may have originated from impurities in the membrane. 
2.2. Catalytic Membrane Reactor Set-up 
The reactor comprised four concentric sections (see Figure 2a). The inner tube (where a 
thermocouple was placed), created an annulus with the ceramic membrane, in which glass 
beads (particle size 100-200 μm) were packed. These were used to improve the liquid flow.  
Outside the membrane, oxygen was pressurised by means of a gas pressure regulator 
(Swagelok, U.S). The experimental set-up is similar to our previous set-up used for the 
catalytic oxidation of benzyl alcohol in a packed-bed membrane reactor [1].  The differences 
for this particular set-up are that oxygen was pressurized and the reactor was shorter (7.5 cm 
compared to 25 cm). In addition, an extra thermocouple was placed inside the inner tube, 
which enabled temperature measurements at different locations along the reaction area. The 
temperature difference between the two ends of the catalytic membrane was ± 2.5 oC. To 
avoid breakthrough of one phase into the other the reactor was operated with a pressure 
difference between the gas and the liquid phase PG-PL ≈ 0.1 bar. After the system stabilized at 
the desired temperature and pressures, sample collection started. The liquid flow rate varied 
in the range 0.005-0.04 ml/min, while the gas phase pressure varied from 2 to 5 bara and the 
reaction temperature was kept at an average value of 115 oC. 
Benzyl alcohol conversion (X) and product selectivity (S) were calculated based on the 
following equations: 
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X=
Calcohol,in-Calcohol,out
Calcohol,in
×100 %                 
             (1) 
where Calcohol,in and Calcohol,out were the concentration of benzyl alcohol at the inlet and 
outlet, respectively, 
Si=
Ci·νi
Calcohol,in·Xtotal
×100 %         (2)                                                                                                         
where νi was the number of moles of benzyl alcohol consumed for the production of 1 mole 
of product i. 
Reproducibility of the experiments and catalyst stability were checked by a standard run (115 
oC, liquid flowrate 0.02 ml/min, gas pressure 3 bara) every day, and the relative differences  
in conversion between the standard run was less than ±5%.   
 
3. Results and Discussion 
3.1. Stability of the Catalytic Membrane 
 Figure 3 shows the stability test performed for the catalytic membrane over a period of 670 
hr. Conversion of benzyl alcohol was stable during that period and it was ~25% while the 
selectivity to benzaldehyde was ~97% and remained stable as well. In contrast, in our 
previous work [18] a similarly prepared Pd-Au/TiO2 catalyst that was used as a packed bed 
showed lower selectivity after being active for 4-5 days. The high selectivity to benzaldehyde 
obtained in this work might be due to improved oxygen mass transfer to the catalytic sites. 
Oxygen did not have to diffuse through the liquid film inside the pores of the ceramic 
membrane in order to reach the catalyst region as it was happening with the packed-bed 
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membrane reactor but it was supplied directly to the catalyst region, resulting in an improved 
and increased oxygen mass transfer.  
3.2. Effect of Benzyl Alcohol Flowrate 
The effect of liquid flow rate was studied by varying the benzyl alcohol flowrate from 0.005 
to 0.040 mL/min. Figure 4 shows that benzyl alcohol conversion increased up to 40% for 
0.005 mL/min, while selectivity of benzaldehyde was nearly constant ~93-97%. By 
decreasing the liquid flowrate the liquid residence time increased and as a result oxygen had 
more time to diffuse and react, thus benzyl alcohol conversion increased. Because of the high 
availability of O2 at the catalytic sites due to high O2 mass transfer, the selectivity to the 
oxidation reaction was high and nearly constant. In our previous work [18], where benzyl 
alcohol oxidation was performed in a packed-bed membrane reactor, conversion and 
selectivities to benzaldehyde increased by increasing the catalyst contact time since oxygen 
had more time to permeate and react.  
3.3. Effect of Oxygen Pressure 
In order to increase the oxygen availability for the reaction, gas pressure was varied from 2 to 
5 bara (Figure 5) while the liquid flowrate was kept at 0.040 mL/min. Benzyl alcohol 
conversion increased up to 20%, while benzaldehyde selectivity changed slightly between 92-
97%.  Increasing the gas pressure leads to an increase of the dissolved oxygen concentration. 
As a result more oxygen was available for the reaction and hence benzyl alcohol conversion 
increased. Similar results were observed in our previous work [19], where a tube-in-tube 
configuration was used, and it was found that conversion and benzaldehyde selectivity 
increased by increasing the gas pressure from 3 to 7 bara due to increased oxygen 
permeation. 
3.4.  Effect of Catalyst Amount and Benzyl Alcohol Dilution 
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To study the effect of catalyst amount a catalytic membrane was fabricated using the same 
method as described in section 2.1 but using 5 times less catalyst amount (5 mg Au/Pd) 
compared to previous experiments (25 mg Au/Pd). In addition, to observe the effect of benzyl 
alcohol concentration on benzyl alcohol conversion experiments were performed by diluting 
benzyl alcohol with o-xylene. Comparing the results obtained for a catalyst amount of 5 mg 
and 2 M benzyl alcohol with the results obtained for a catalyst amount of 25 mg and pure 
benzyl alcohol, it is observed that the conversion of benzyl alcohol, the selectivity to 
benzaldehyde and the average reaction rate were nearly the same (see Table 1). In addition to 
decreasing the catalyst amount by a factor of 5, the benzyl alcohol concentration was 
decreased 5 times as well, which reduced the demand of oxygen for the reaction. Since the 
same reaction rates were observed, this suggests that mass transfer resistances were not 
present. Furthermore, experiments performed with the catalytic membrane of 25 mg Au/Pd 
loading and benzyl alcohol concentration of 0.5 M showed an increased conversion of benzyl 
alcohol of 61% as compared to 2M benzyl alcohol and 5 mg catalyst amount while selectivity 
to benzaldehyde was almost the same at 95%. Since, in this case the benzyl alcohol/catalyst 
ratio was smaller, higher conversion was achieved. Comparison of reaction rates in this case 
must be done with caution, as the conversion was high.  When compared to the membrane 
packed bed reactor in our previous work [18], for the same inlet benzyl alcohol concentration 
of 0.5 M, the catalytic membrane showed higher selectivity, which is attributed to more 
efficient mass transfer. The lower average reaction rate observed may be due to the relatively 
high particle size 4-20 nm, as compared to the catalyst used in the membrane packed bed 
reactor, which was 1-2 nm. 
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4. Conclusions 
A catalytic ceramic membrane impregnated with a Au-Pd catalyst in its inner surface was 
developed and used for the continuous heterogeneously catalysed aerobic oxidation of benzyl 
alcohol. The catalytic membrane reactor showed excellent stability over a period of 670 hr. 
Increasing pressure and decreasing liquid flowrate led to an increased conversion of benzyl 
alcohol, while the selectivity to benzaldehyde was nearly constant at > 95%. Diluting the 
benzyl alcohol, conversion was increased with nearly constant selectivity to benzaldehyde.  
The catalytic ceramic membrane showed high selectivity to benzaldehyde, possibly due to 
improved oxygen mass transfer to the catalyst compared to our previous studies where a 
packed-bed membrane reactor was used. This configuration allows safer operation than the 
batch mode, since the gas phase does not come in direct contact with the organic mixture.  
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Table 1.  Effect of catalyst amount and benzyl alcohol concentration on benzyl alcohol 
conversion and benzaldehyde selectivity. Reaction conditions: gas pressure 3 bara, liquid 
flowrate 0.02 ml/min. The rest of the products were benzene, dibenzyl ether, benzoic acid and 
benzyl benzoate with their selectivities always <4%. 
 
Average reaction rate = Fl . CBzOH . X . SBaldehyde /gcat , where X = conversion of benzyl alcohol, 
Fl= liquid flow rate, SBaldehyde = selectivity to benzaldehyde.  
 
 
Catalyst 
amount  
(mg) 
Conc. of 
benzyl 
alcohol 
(M) 
X  
% 
SBenzaldehyde 
% 
SToluene 
 % 
Average 
reaction rate 
(mol/min.gcat) 
Temp. 
(ToC) 
25 9.6 19 93 3 1.4x10-6 115 
25 0.5 61 95 3 2.3x10-7 115 
5 2 19 94 4 1.42x10-6 115 
4.4 
Packed bed 
membrane 
reactor [18] 
0.5 75 88 9 1.5x10-6 120 
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Figure 1. (a) SEM image of the cross section of membrane. (b) EDX mapping (c) TEM 
image of a scraped part of the inner side of the membrane. Green colour indicates (Al), red 
colour (Pd) and blue colour (Pb).  
 
 
 
 
Figure 2. Schematics of the membrane reactor: (a) cross section of the reactor with an SEM 
picture of the catalytic membrane, (b) components of the reactor. 
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Figure 3. Stability test of the catalytic membrane reactor. Reaction conditions: liquid 
flowrate = 0.01 ml/min, gas pressure ~3 bara, 25 mg Au/Pd, inlet pure benzyl alcohol, reactor 
temperature ~115 oC. 
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Figure 4. Effect of benzyl alcohol flowrate on benzyl alcohol conversion and selectivities to 
toluene and benzaldehyde. Reaction conditions: liquid flowrate = 0.005-0.04 ml/min, gas 
pressure ~3 bara, 25 mg Au/Pd, inlet pure benzyl alcohol, reactor temperature ~115 oC. 
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Figure 5. Effect of pressure on benzyl alcohol conversion and selectivities to toluene and 
benzaldehyde. Reaction conditions: liquid flowrate = 0.04 ml/min, 25 mg Au/Pd, inlet pure 
benzyl alcohol, reactor temperature ~115 oC 
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